A novel method for the prenylation of phenols has been developed using 2-methyl-but-3-ene-2-ol as the prenylating agent in the presence of Amberlyst 15. The prenylated catechols and quinols showed better antioxidant activity than the corresponding non-prenylated compounds in the in vitro DPPH and lipid peroxidation assay. The resorcinol derivatives did not show significant antioxidant activity.
Prenylation of phenols at the aromatic nucleus is important for the synthesis of a large number of bioactive compounds. Prenylated phenols and their various cyclized products are widely distributed in nature, and many of them have significant biological activities [1] . Various methods including orthometallation and alkylation, metal-halogen exchange and coupling, Claisen rearrangement, Friedel-Crafts reaction, benzylic coupling have been developed for this purpose. The strategies and limitations of these protocols have been nicely reviewed [2a] . One of the major limitations of these and some other acidcatalyzed (especially H 3 PO 4 ) methods [2b,c] is the formation of the benzopyrans via further cyclization of the prenylated phenols. The Friedel-Crafts methodology [2d] on the other hand, is nonregioselective. Thus, there are very few efficient methods of getting the uncyclized prenylated phenols [2e-g] . More recently, an anionic method via orthoquinone methides has also been reported [2h,i] . However, in spite of its elegancy, only two examples of prenylation have been reported with the anionic method, and the yield was found to be dependent on the substitution pattern in the aromatic ring.
Several phenols with the 3-methyl-2-butenyl side chain are attributed with interesting biological activities, while the corresponding cyclized products are inactive. For example, the prenylated hydroquinone isolated from marine source, Aplidium californicum is reported to possess in vivo activity against the P388 lymphocytic leukemia cells [2g] . The corresponding cyclized chroman does not show any activity. Likewise, another prenylated phenol, isolated from the trichomes of Phacelia crenulata [3a] showed radioprotective as well as anti-cancer [3b] activities. Compounds of this class, especially the prenylated oxygen heterocycles are also known to possess anti-inflammatory [4a] , antibacterial [4b,c], enzyme inhibitory [4d], and cytotoxic [4e] properties. The prenylated phenols serve as important precursors for these diverse arrays of O-heterocycles. Against the above background, a need to develop an efficient synthetic method for the prenylated phenols, especially using a commercially available prenylating agent was felt. In this communication, we describe a simple general protocol for the synthesis of uncyclized prenylated phenols by prenylation of phenols with 2-methyl-but-3-ene-2-ol. In addition, the comparative antioxidant activities of the prenylated compounds vis-à-vis their non-prenylated counterparts are also presented. synthesis viz. operational simplicity, catalyst reusability and particularly the mild acidity prompted us to explore its potential for the targeted transformation. However, since isoprene or 3methylbut-1-yn-3-ol was unsuitable for this purpose, we attempted the transformation using 2-methyl-but-3-ene-2-ol (2) as the prenylating agent. The choice of 2 was based on the following considerations. The acid-catalyzed reaction presumably proceeds via the formation of a stabilized carbocation from the prenylating agent followed by cyclization. When the alcohols are used as the prenylating agent, generation of the carbocation involves an additional step of water elimination. With 2-methyl-but-3-yn-2-ol, this leads to an allenic intermediate (A) which eventually furnishes the cyclized product via enolization and a [1,5]-H shift [5] . In contrast, protonation of the prenylating agent 2 would furnish the carbocation (B), which reacts with the phenols via an allylic rearrangement (Scheme 1). Consequently, the acidcatalyzed reaction of the phenols with 2 was anticipated to provide the desired uncyclized products.
Scheme 1
Therefore, as a model experiment, we attempted the Amberlyst 15 catalyzed prenylation of quinol (1a) with 2 at room temperature (Scheme 2). Extensive experimentations were carried out for optimizing the reaction conditions and the results are summarized in Table 1 . The effect of varying the solvent to catalyst ratio from 2-4:1 (v/w) on the yield of the prenylated phenol 3a was marginal (Table 1, entries 1-3). With a solvent to catalyst ratio of 4:1, 3a was obtained in merely ~25% yield. Instead, increasing the catalyst concentration improved the yield of 3a significantly since 3a was obtained in ~54% yield with a catalyst to solvent ratio of 3:1 (Table 1, entries 4 and 5). It was important to monitor the reaction carefully as undesired side products appeared on prolonging the reaction. In all the cases, substantial amounts (25-30%) of the unreacted substrate was recovered, while carrying out the reaction beyond 16 h led to number of side products which were not analyzed. Next, we carried out the reaction at higher temperatures in order to reduce the reaction time. However, conducting the reaction at 50 o C with the same catalyst to solvent ratio (3:1) led to a very poor result. In this case, the cyclized compound 4a was the major product along with trace quantity of 3a within 2.75 h (Table 1, entry 6) . Thus, a combination of factors such as amounts of solvent and catalyst as well as temperature appeared crucial for the reaction. Apparently, the increased catalyst concentration was detrimental at higher temperature, although the reaction time was shortened considerably. Substantial improvement of the product yield (~31%) was achieved by reducing the catalyst concentration to 0.25 g/ml (Table 1, entry 7). After extensive experimentation, a catalyst concentration of 0.15 g/ml was found to be optimum and therefore it was used for all the subsequent studies. Under this condition, 3a was obtained in 65% yield when the reaction was carried out at 60 o C for 2.5 h (Table 1 , entry 9). At higher or lower temperatures, the yields were inferior due to the formation of the chroman 4a or incomplete reaction respectively (Table 1 , entries 8 and 10). In these cases, 8-10% unreacted substrate and 12-15% chroman were also obtained. The unreacted substrate, product 3a and chroman 4a (wherever formed) were isolated by column chromatography. The chroman 4a was characterized from its spectral data that matched well with those reported [5] .
The generality of the protocol was assessed by carrying out the reaction with a series of substituted phenols 1b-f under the optimized conditions (as in entry 9, Table 1 ). The results of study are presented in Table 2 . The reaction proceeded uneventfully with the substrates 1b-e furnishing the respective products 3b-e in ~46-58% yields. The high regioselectivity obtained in the prenylation of 1b was noteworthy. This furnished 3b as the sole product, without the formation of its 4-prenylated analogue. The reaction was, however, very slow with 1f, possessing an electron withdrawing group, and the desired product 3f was obtained in very poor yield. 
Antioxidant activities of the prenylated phenols:
Phenolic compounds are known to possess antioxidant properties for which they are used in promoting health as well as preserving foods and condiments [6] . In view of this, and our interest in this area [7] , the antioxidant activities of the prenylated phenols 3a-f as well as those of the corresponding non-prenylated compounds 1a-f were studied using two in vitro assays. These are individually discussed below, while the results are summarized in Table 3 and Table 4 . DPPH assay: 1,1-Diphenyl-2-picrylhydrazyl (DPPH) provides a stable free radical that absorbs at 517 nm. The change in the absorbance of DPPH in the presence of a test compound provides a suitable method for evaluating its ability to scavenge free radicals generated independent of any enzyme system [8a] . The DPPH assay results are known to correlate well with the lipid peroxidation inhibitory capacity of a test compound [8b]. The assay was carried out with 10 and 20 μM of the test compounds. Only the prenylated compounds 3a and 3c and their precursor phenols (1a and 1c) showed good radical scavenging activities. In all the cases, the radical scavenging activity increased concentration dependently. At the higher concentration (20 μM), the prenylated compounds 3a and 3c showed significantly better radical scavenging activity than 1a and 1c. For example, while 3a and 3c showed 45% and 61% activity respectively, the same for 1a and 1c was only 32% and 46% (Table 3 ). The catechols 1c and 3c were more active than the corresponding quinols 1a and 3a. However, the differences in the activity were not significant at a lower concentration (10 μM). The activities of the resorcinol compounds even at 20 μM concentration, were marginal (~3-7%) and are not included in the Table 3 . Under similar conditions, αtocopherol showed 80+4.2% (mean + S.E., n = 5) scavenging activity at a concentration of 14.9 μM.
Anti-lipid peroxidation (LPO) assay:
Owing to the high levels of unsaturation and the increased consumption of oxygen, mitochondrial lipids are susceptible to oxidative damage [9a] . 1a, 1c, 3a and 3c , which showed better DPPH scavenging activity, was also tested. For this purpose, rat liver mitochondria were used as the lipid model and its peroxidation was carried out with 2,2-azobis(2-amidinopropane)dihydrochloride (AAP H) as the free radical generator [10a] . The alkyl peroxyl radicals produced from AAPH, which later causes LPO, are very similar to radicals produced in biological systems [10b]. Thus, the preventive capacity of a test compound against AAPH-induced LPO provides a good measure of its anti-LPO activity in an iron-independent system. The results of this study (Table 4 ) also followed the same trend as those with the DPPH assay.
Both the prenylated phenols 3a and 3c showed better activity than their precursor phenols 1a and 1c. The catechols 1c and 3c were better antioxidants than the corresponding quinols 1a and 3a. Under similar conditions, α-tocopherol showed 53+4.8% (mean + S. E., n = 5) scavenging activity at a concentration of 100 μM.
The potency of substituted phenols for radical scavenging and protection against lipid peroxidation is governed by the electron donating effect of the substituents [11a,b] . Presence of a substituent with higher electron donating capacity lowers the O-H bond dissociation enthalpy and increases the rate of H-atom transfer to peroxyl radicals [11c]. The electron donating effect of a substituent depends on its nature and position with respect to the phenol functionality. Thus, the activity of a strong electron donating group, such as the hydroxyl group, at the ortho and para positions is much higher than that at the meta position. This may explain the relative order of the antioxidant potencies of the catechol, quinol and resorcinol substrates.
Recently, we [7c] and others [12] have observed that the active methylene group as present in 1,3diketones or allylic/benzylic methylene compounds can also contribute to scavenging various radicals. We envisaged that presence of such a structural feature in 3a and 3c might partially account for their enhanced antioxidant activity. Consequently, the phenolic functionality of both these compounds was methylated and assayed for their antioxidant activity. However, the methyl ethers were inactive, suggesting that the phenolic groups were primarily responsible for the antioxidant activity.
The positive impact of a prenyl group on the antioxidant activity of a phenol is unclear, and at best speculative. So far systematic studies on these aspects are also rare. Introduction of a prenyl group in a phenol would increase its lipophilicity, which might enhance its absorption and association with lipids and lipoproteins. The alkyl substituent can also augment the radical scavenging capacity of the phenols due to its inductive (+I) effect. All these factors may be responsible for the better antioxidant activity of 3a and 3c compared to 1a and 1c. Interestingly, hydrogenation of the prenyl double bond in 3a and 3c reduced the DPPH scavenging activity significantly, since it was marginally better than those of 1a and 1c respectively. Possibly the initially formed phenoxide radicals react at the olefinic site to furnish the cyclized chroman molecules, assisting the phenol/phenoxide radical equilibrium to shift in the forward direction. Thus, the strategic location of the olefin functionality in the prenyl group might be contributing to the increased antioxidant activity of the prenylated phenols.
In tune with the present results, some prenylated flavones were found to possess better activity than the corresponding non-prenylated compounds in scavenging DPPH radicals and preventing LDL oxidation [13a] .
Overall, a simple and efficient protocol for the synthesis of uncyclized prenylated phenols has been developed. Two of the existing methods for this transformation employed hazardous metallic sodium [2d,e] . In addition, the alkyl chlorides used in those protocols were to be prepared separately. In comparison, the present protocol is safe, operationally simple and employs a commercially available prenylating agent 2. It is worth mentioning that yields ( 
Experimental

General procedure for prenylation of phenols 1a-f:
A stirred mixture of the phenol (9.0 mmol), 2 (1.8 ml, 9.2 mmol) and amberlyst 15 (0.6 g) in THF (4 ml) was heated at 60 0 C for the period specified in Tables 1 and 2. The mixture was diluted with diethyl ether (10 ml) and filtered to remove the catalyst, which was washed several times with diethyl ether followed by acetone. Concentration of the filtrate in vacuo followed by column chromatography (silica gel, 20% EtOAc/hexane) of the residue gave the respective prenylated products.
DPPH scavenging assay:
An ethanolic solution of DPPH (100 μM) was incubated with the test compounds (10 and 20 μM) and the absorbance was monitored spectrophotometrically at 517 nm. The percentage of decrease in the original absorbance of DPPH was taken as the measure of the antioxidant potentials of the compounds. α-Tocopherol was taken as a positive control.
Lipid peroxidation assay: Lipid peroxidation of rat liver mitochondria was carried out as reported [10a,14] , with a minor modifications. For preparation of mitochondria, liver of male wistar rats (200-300 g) were excised and homogenized in a sucrose solution (0.25 M) containing ethylenediaminetetraacetic acid (EDTA; 1 mM). After centrifuging the homogenate at 3000 g for 10 min, the supernatant was centrifuged thrice at 10000 g for 10 min. The sedimental mitochondria pellet was washed thrice with potassium phosphate buffer (pH 7.4; 0.05 M) to remove sucrose, the pellets were resuspended in the phosphate buffer at a final concentration of 20 mg/ml and the protein content was estimated by Lowry's method. The mitochondrial LPO was initiated by the addition of AAPH (50 mM) to the reaction mixture, containing the following components at the final concentration stated: mitochondrial fraction (4.0 mg of protein/ml) and test compounds (0-40 μM or vehicle 0.1% ethanol) in potassium phosphate buffer pH 7.4 (50 mM). The mixture was incubated at 37 0 C for 30 min, TCA-TBA-HCl (15% TCA, 0.375% TBA, 0.25N HCl) solution was added and the absorbance at 532 nm was monitored.
Supplementary data: Physical and spectral data for 2-(3-Methyl-2-butenyl)hydroquinone (3a), 2-(3-Methyl-2-butenyl)resorcinol (3b), 2-(3-Methyl-2butenyl)catechol (3c), 2-(3-Methyl-2-butenyl) phloroglucinol (3d), 2-(3-Methyl-2-butenyl)-5methyl-resorcinol (3e), 2-(3-Methyl-2-butenyl)-6acetyl-resorcinol (3f).
